The search for environmental factors influencing RE has mostly focused on myopia. In particular, education, near work and outdoor activity have been reported with mixed results to be associated with myopia. Most convincing are the multiple reports linking higher education with higher prevalence of myopia (5) (6) (7) (8) . The amount of near work activity, a function of education, is reported to be positively correlated with myopia, whereas the amount of outdoor activity is negatively correlated with myopia. Multiple reports have identified a positive correlation between myopic parents and their children developing myopia implicating genetics and shared family environmental exposure as important determinants (Appendix S1).
Complications of the RE phenotype
Myopia is commonly divided into physiological and high myopia (9) . The cutoff between the two is conventionally set at a spherical refractive equivalent of −6 D. Unfortunately, this classification implies that physiological myopes have no additional risks over emmetropes which is incorrect. Maculopathy is the most devastating complication of myopia because it leads to vision loss from atrophy of the retinal pigment epithelium and/or subretinal neovascularization (10) . The Blue Mountains Eye Study reported a maculopathy prevalence of 0.42% in myopes of less than 5 D and 25% for myopes greater than 5 D (11) . Despite the far higher prevalence of maculopathy in high myopes, the high proportion of low myopes in the Blue Mountain population resulted in the mild myope group contributing 43% of the total cases of maculopathy. Thus, physiological myopes contribute almost as many cases as the pathological myopes despite the lower odds ratio (OR).
Non-traumatic retinal detachment is another complication of myopia secondary to thinning of the peripheral retina secondary to axial length elongation. Again, no degree of myopia is safe because the OR for retinal detachment is 4.4 for low myopia and 9.9 for high myopia (12, 13) . Similar trends have been reported for glaucoma secondary to myopia with an OR of 1.65 for low myopia and 2.5 for high myopia (14) . Similar risk between myopia and posterior subcapsular cataract has been reported (12) .
Contrary to myopia, hyperopia has not been reported to have as many secondary sight threatening complications with the possible exception of a weak correlation with angle closure glaucoma (12) .
Animal models
Animal studies for RE have laid the foundation for our understanding of visual experience on eye growth. Such studies have their onset in 1977 with the report by Wiesel and Raviola (15) who reported that eyelid fusion in macaque monkeys produces excessive axial length elongation or myopia. This result was replicated in chicks and in a wide variety of animal species including tree shrews, guinea pigs and adult monkeys. These landmark studies stimulated decades of research on experimental myopia that also included optical lens induced models of eye growth in addition to lid fusion. Critical experiments in chicks with severed optic nerves provided evidence that optically dependent growth mechanisms acted independently of the central nervous system; although this independence of the eye from the central nervous system (CNS) is not conserved across all species. Additional studies using pharmacologic agents defined the layers of the eye responsible for regulating eye growth. For example, large increases in the retinal neurotransmitter, vasoactive intestinal peptide, were reported in experimental animal models of myopia. Alteration of dopamine levels, another retinal neurotransmitter, and ZENK, a retina transcription factor, in myopia animal models identified the retina as the major control of eye growth. Intraocular injections of neurotoxins that block action potentials in the retina, particularly of the ganglion cells, showed that ganglion cells within the retina were not involved in regulating eye growth in deprivation myopia. Further experiments to assess the influence of the choroid on eye growth found a significant role for the choroid. For example measurement of chick choroidal thickness during form deprivation and lens defocus was shown to vary before changes in axial length. This change in choroidal thickness has been replicated in primates. Importantly, similar choroidal changes in thickness have been reported in humans within 60 min of imposed lens defocus (Appendix S2).
The central hypothesis for the experimental animal models is that the environmental change produced by extraocular lens or lid fusion interacts with genes important in regulating eye growth (12) . Controversy over the relevance to human myopia of the genes expressed in these animal models has existed for sometime. One concern about their relevance is inferred from the lack of portability of gene-environment interactions from other animal models to humans. Such animal models for gene-environment interactions exist and have been studied systematically (16) (17) (18) and suggest that an interaction detected in one species is often dissimilar in a second species (19) . Therefore, while gene function is highly conserved across long evolutionary timescales, non-additive genetic interactions such as gene and environment are poorly conserved because they are a direct consequence of networks that are not conserved between species. Therefore, the current rodent, chick and primate gene-environment models for myopia will probably show little gene overlap with the human genes interacting under similar environmental influences. In addition to specific interactions with particular genes, it is important to note that the environment can also influence the outcome of gene mutations. For example, the environment can influence the effects of mutated proteins by altering the availability or activity of molecular chaperones, which are proteins that influence the folding or activity of other proteins in the cell (20) . Many mutated proteins are modified by molecular chaperone activity, either because chaperones directly stabilize mutated proteins or because the outcome of a mutation is influenced by the activity of a second, chaperone-dependent pathway or process (21) . The chaperone activity -and therefore the mutation-buffering capacity -of a cell or organism can increase or decrease in response to environmental stimuli. For example, an environmental stress can titrate away molecular chaperones and can therefore 'unbuffer' (i.e. enhance) the effects of otherwise phenotypically inconsequential mutations (22, 23) . Conversely, another environmental stimulus that induces a protective stress response and induction of chaperones can increase the buffering capacity toward detrimental mutations (24) . Thus, environmental modifications can have indirect influences on the outcome of mutations through biological pathways that are unlikely to be conserved across species.
Still, it is good science to set up a hypothesis and test for the possibility that the genes differentially expressed in myopia animal models are associated with human myopia. To test this hypothesis, we collected the microarray data obtained toward two myopia animal models. A bioinformatic pipeline was established to identify and locate the human orthologs of the genes differentially expressed in chick and non-human primate models. The analysis pipeline was as follows: (i) significant differentially expressed genes identified in microarrays from animal studies were assessed for conservation in humans.
(ii) Location of orthologs in humans and their proximity to published Genome Wide Association Study (GWAS) results for RE (25) was determined using UCSC genome browser (http://genome.ucsc.edu). (iii) Human orthologs located farther than 1 Megabase (Mb) from the GWAS RE locus were not considered as candidates for human RE. The assumption of the 1 Mb distance is based on the fact that a single-nucleotide polymorphism (SNP) with potential enhancer function could affect the expression of a gene within a distance of 1 Mb. Human ortholog IDs and positions were retrieved from Ensembl's BioMart (http://www.ensembl.org/biomart/martview). Biological information about the final set of selected genes were obtained from the NCBI Gene Dataset. Retina data for the chick model were obtained from a lens defocusing experiment in chicks (26) . We identified 100 human orthologs from the reported differentially expressed 100 chick genes. Filtering of these genes resulted in only two human orthologs, TMEM200A and FAM189A2, being located within 1 Mb of a GWAS peak (Table 1 , Appendixes S1-S4). Both genes were evaluated for expression by RNASeq of the human retina and showed a 6.4 and 4.5 fragments per kilobase of transcript per million mapped reads (FPKM), respectively. We next assessed the retina primate genes resulting from a lid suture experiment published by Tkatchenko et al. (27) . One hundred and nine of the reported 118 differentially expressed genes had human orthologs and only 2 of these 109 genes fulfilled our pipeline criteria of location close to a GWAS peak (Table 1 , Appendixes S1-S4). Both genes, IDH3A and CNOT2, are expressed in the human retina at 41.4 and 20.3 FPKM, respectively. The small number of identified human orthologs located in GWAS peaks coupled with the lack of exact gene matches suggests that the biological pathways involved in animal myopia models are different from those pathways operating in human myopia.
Another potential source of candidate genes for RE could exist in the multitude of genes regulating growth. In particular, yeast have been extensively studied to identify growth genes. Published data on yeast overgrowth genes (28) were assessed for overlap with the peaks for the human RE GWAS (25). Sopko et al. (28) reported 769 genes differentially expressed with yeast overgrowth. Human orthologs were found in our pipeline for 454 genes with 18 human orthologs fulfilling our criteria for location near GWAS peaks (Table 1 , Appendixes S1-S4). Retinal expression by RNASeq varied from 0.1 to 58.2 FPKM for these 18 genes. While the number of human orthologs from yeast near GWAS peaks was more than the chick and primate models, validation of these yeast genes will be required to determine if yeast growth genes are involved in human RE.
Genetic studies
RE associated with other phenotypes as part of syndromes are not discussed in this review. Twin studies have reported a heritability greater than 0.50 for RE. Several studies have calculated the heritability for myopia to be as high as 0.98, 0.75 for hyperopia and 0.95 for axial length. Therefore, the underlying genetics of an individual is believed to have a major influential role on RE (Appendix S3).
Linkage and association studies
Until recently, most of the linkage analysis was performed on DNA genotyped by microsatellites. The first published report of significant linkage was completed in eight autosomal-dominant families with high myopia. The location, MYP2, on 18p11.31 ( Fig.  1 , Appendixes S1-S4) was subsequently refined to a smaller region (29, 30) . Additional loci mapped by linkage include MYP5 on 17q21-22, MYP6 on 22q12, MYP7 on 11p13, MYP8 on 3q26, MYP9 on 4q12, MYP10 on 8p23, MYP11 on 4q22-q27, MYP12 on 2q37.1, MYP14 on 1p36, MYP15 on 10q21.1, MYP16 on 5p15.33-15.2, MYP17 on 7p15, and MYP19 on 5p15.1-p13.3 ( Fig. 1, Appendix S4) .
Early association studies were completed on candidate genes within families or case-controls. Many of these candidate studies were not replicated across multiple studies either because the sample sizes were too small or corrections for population stratification were not performed. A rather extensive review of the candidate gene association studies has been recently published (31, 32) . Therefore, we will only reference the significant candidate gene studies. The MYP 3 locus at 12q21-23 has undergone a series of candidate gene studies. The first was the report of a significantly associated SNP in the 3 -untranslated region (UTR) of the insulin-like growth factor (33) . Two additional publications found significant association within 12q21-q23 of the lumican promoter and a 3 -UTR SNP in the same gene (34) . The CTNND2 (5p15.2) gene was reported to be significant for myopia in a case-control cohort of Chinese high myopes (35) . Finally, a large study of a Han Chinese case-control cohort found evidence for association among three candidate genes at 13q12.12 (MYP 20) (36) .
The first and only successful attempt at sequencing the exome in a myopic family was reported by Shi et al. (37) . This study found a missense mutation in the ZNF644 gene that segregated with affected members in the family. A follow-up study of 131 myopes identified additional novel missense mutations in the ZNF644 gene supporting the hypothesis that this gene is involved in myopia (38) .
The new technology of the GWAS has stimulated multiple studies for both the quantitative and qualitative traits of RE. The first reported GWAS was from Nakanishi et al. (39) in a Japanese case-control cohort with high myopia. Although the result was not genomewide significant, it did identify a suggestive locus on 11q24.1 and stimulated the field to do additional GWASs. Two GWAS reports published simultaneously on two large European cohorts, Rotterdam Study and UK Twins, identified two independent loci on 15q14 and 15q25 for spherical equivalent (40, 41). Both studies were seminal in demonstrating the power of GWAS to identify quantitative RE loci and influenced the field to collect much larger numbers of individuals to identify additional RE loci. Two GWAS reports followed for high myopia including Shi et al. (36) and Li et al. (42) . Shi et al. (36) completed a GWAS on a large case-control cohort of Han Chinese with high myopia. Initial analysis did not reveal a genomewide significant peak, although on replication and combining of specific SNP p values a significant locus (p < 10 −13 ) was located at 13q12.12. Li et al. (42) performed a meta-study on high myopia in the Han Chinese and reported a second locus (10 −13 ) on 4q25. The modern era of the meta-GWAS was recently utilized in three publications. Stambolian et al. (43) performed a GWAS on the trait, spherical equivalent, in a combined discovery and replication set of 27,000 individuals and reported a single significant peak on 16p13.3 in the RBFOX1 gene. A larger meta-analysis of 38,000 individuals of European and Asian ancestry identified 24 new loci for spherical equivalent (25) . Importantly, a risk score analysis using the associated SNPs demonstrated a 10-fold higher risk of myopia in those individuals carrying the highest genetic load. A still larger study of 45,771 subjects using participants historical recall rather than clinical assessments to identify myopia reported 22 genome-wide significant loci in the discovery cohort with only 11 of these loci being replicated in a set of 8323 individuals (44).
Finally, there is one reported significant GWAS for the phenotype, axial length, in Chinese and Malay subjects from Singapore that found a single genomewide significant peak at 1q41 (45) .
Conclusions
Several decades of research on animals and humans has shown that the retina has a central role in regulating eye growth through processing of the image and sending signals to the sclera to remodel its structure to compensate for the RE. The contributions of model organisms to our understanding of these fundamental processes are irrefutable and the complexity of the interactions has been confirmed by the recently successful genetic studies associating a multiplicity of genes with RE. But the underlying premise that the RE animal models can truly reiterate the human processes that lead to the eventual phenotype ignores the multiple stimuli operating in conjunction with a very large number of other causal fields that are not shared between model organisms and humans. The most commonly used model organism, the mouse, is separated from humans by about 75-100 million years of evolution (46, 47) , resulting in a large number of differences with respect to DNA sequence variants (DSVs). It merits reminding ourselves that intraindividual differences in the frequencies of DSVs (humans differ in about 0.1% of their genomes) are the essence of genetic studies of complex diseases in humans. On the basis of genetic differences between model organisms and humans as well as the environmental differences, the etiological interactomes for RE would not be expected to be similar. Considering these limitations, it is not surprising but rather anticipated that the genetic findings in the model organisms for RE do not always translate to the underlying genetics of the human phenotype.
The genetic studies of RE have evolved in a similar fashion to many other complex phenotypes. Linkage and candidate studies were the early approaches but had modest success. The linkage studies found very few causal genes and although there were a few candidate studies that had success, many more were unsuccessful and underreported. These early studies were supplanted by the unbiased approach of the GWAS that is designed on the common disease-common variant (CD-CV) hypothesis. While the earliest GWAS studies on RE were successful at finding one or two genes significantly associated, it was not until this year that much larger sample sizes were reported to discover multiple loci. The power of increased sample size is well known for GWAS (48) (49) (50) and relates inversely to the risk allele frequency and effect size. Both recently published large GWAS studies on RE reported small effect sizes which are expected for a complex phenotype (25, 44) . This is all consistent with the CD-CV hypothesis that posits that a complex phenotype results from the cumulative effects of a large number of common variants, each exerting a modest effect (51) (52) (53) . Still, the GWAS approach has provided input into several biological pathways that are involved in RE and include extracellular matrix remodeling, visual cycle, neuronal development, eye and body growth, retinal cell development and neural signaling.
There are now 67 loci reported to be associated with RE using various technologies (Fig. 1 , Appendixes S1-S4). Very few of these loci have genes that have been experimentally validated. Several approaches can now be used to experimentally validate these candidate genes and include: (i) identification of rare variants, (ii) involvement in regulation of gene expression, (iii) animal studies, and (iv) interactions with environment. Alleles identified through GWAS are typically not the causative alleles but rather are in linkage disequilibrium with the true causative alleles. Identification of the causative alleles could be accomplished by searching for rare alleles and their subsequent validation in animal studies. A more direct approach using knockdown and over-expression of candidate genes could also be done to validate genes. Rare variants in linkage disequilibrium with the common variants are expected to have larger effects that are more easily validated in animal studies (54, 55) . Finally, the mechanisms that govern the expression of the RE phenotype are embedded not only in the DSVs directly but also through their effects on various genomic components that participate in regulation of gene expression, such as histone modifications, microRNAs, long non-coding RNAs, epigenetics, splice variants, and posttranslational modifications of the encoded proteins in conjunction with the environmental factors. Such complex interactions will require identification to explain the underlying genetic architecture of RE.
Finally, a more sensitive indicator is needed for predicting ocular complications from RE. It is quite possible that underlying genotypes will be able to classify individuals into high and low risk and provide the clinician with the necessary information to determine frequency of follow-up. Additionally, there could be a particular biological network whose activity is determined by a particular genotype that predisposes to a sight threatening complication that is treatable by a drug. Still, even with a complete understanding of the genetics of RE, we may never be able to make accurate predictions about disease risk in individuals using genetics alone, as is well demonstrated by the high levels of discordance for most common diseases in identical twins (56) (57) (58) . Genetic studies of RE have provided a wealth of gene information that now requires validation through functional studies.
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